The paper reports the results obtained during an experimental campaign aimed at transferring aerobic granulation to a demonstrative SBBGR system (i.e., a submerged biofilter that operates in a "fill and draw" mode) for the treatment of municipal wastewater by financial support of the European Commission, within the framework of Life-Environment Programme (PERBIOF Project;
INTRODUCTION
Conventional suspended biomass reactors (e.g. activated sludge systems) have the disadvantage of large area requirement and high surplus biomass production. This explains the great effort being made worldwide to find a replacement for conventional technologies, with innovative ones aimed at lower footprint, better operational flexibility and lower sludge production.
Among the novel biological technologies recently developed for wastewater treatment, the most attractive are systems based on aerobic granular biomass. In such systems, the biomass grows as compact and dense microbial granules allowing greater biomass retention in the reactor to be obtained, with interesting repercussions on substrate conversion capacities.
Aerobic granular sludge is a young technology and many aspects still need to be investigated. For example, the causes and mechanism of aerobic granulation are not yet fully understood, although several factors have been described in the literature, which may play an important role (De Kreuk et al., 2005; Tay et al., 2006) . In particular, the operational periodic conditions seem to be crucial for the granular growth. In fact, so far, aerobic granulation has been observed mainly in suspended biomass-sequential batch reactors (SBRs).
With a different approach, the Water Research Institute (IRSA) of the Italian National Research Council (CNR), has been developing an aerobic granular biomass system, known with the acronym SBBGR (Sequencing Batch doi: 10.2166/wst.2008.836 Biofilter Granular Reactor), based on a submerged biofilter that operates in a "fill and draw" mode. In such a system, the granules are not suspended but entrapped in the pores of a packing material (Di Iaconi C, 2005) . In comparison with granular biomass SBRs, SBBGR system is characterised by a still higher concentration of biomass with positive influence on conversion capacities and sludge production; a sedimentation phase is not required in SBBGR system. IRSA has extensively applied SBBGR technology for treating at laboratory scale different wastewater types Di Iaconi et al., 2006) . 
MATERIAL AND METHODS

Demonstrative SBBGR system and operation
The prototype consists (see Figure 1 ) of 3 main parts laid one upon the other: † the lower part (i.e., part 1 in Figure 1 ) distributes to part 2 the influent fed by volumetric pump and/or semitreated wastewater taken from part 3 by a recirculation pump; † the central part (i.e., part 2) is the reactive zone as it contains the biomass. This element (or bed) is filled with biomass support material (wheel shaped plastic elements).
The support is confined between two surfaces of slabs with several disseminators in order to obtain a good distribution of the liquid and air in the biomass zone. A window-type opening is provided on the upper surface for allowing biomass samples to be taken for analysis; † the higher part (i.e., part 3) acts as a storage tank in which aeration takes place. A volumetric pump takes the oxygenated liquid from here to part 1 at a flow rate value of 2 m 3 /h. The pump can extract the liquid at two different levels as shown in Figure 1 . The aeration is performed by a blower connected with some diffusers (fine bubble disc system).
SBBGR carries out a treatment cycle consisting of three consecutive phases: filling, reaction (under aerobic conditions) and drawing. In the filling phase, the wastewater to be treated is fed into part 1 of the plant. During this phase, the liquid passes through the bed (i.e. part 2) and then goes to part 3. When a first, predetermined, liquid level in part 3 is reached, the recirculation pump and blower start. In these conditions, the aerated wastewater reaches part 1, passes through the bed (i.e. part 2) together with raw wastewater and then reaches part 3 where it is aerated and recycled again. When a second, predetermined, liquid level in part 3 is reached, the filling pump stops while the liquid recirculation continues until the end of the reaction phase. Finally, the treated Functional groups such as ammonia-and nitrite-oxidisers were also screened by FISH. Additional biological stains were applied on granules samples to determine the EPS presence and composition (De Beer et al., 1996; Strathmann et al., 2002; Schmid et al., 2003) and to highlight intracellular polyhydroxyalkanoates (PHA) inclusions (Rees et al., 1992) . FISH was also applied on the activated sludge used as inoculum of SBBGR.
RESULTS AND DISCUSSION
Prototype performances
Biomass granulation was obtained towards the end of the start-up period (length: 3 months). Throughout this period, the hydraulic loading was adjusted in order to obtain a progressive increase in organic loading from a minimum of 0.05 kg COD /m 3 ·d up to maximum value of 0.5 kg COD /m 3 ·d. Regarding TSS, the data reported in Figure 3 show that the concentration of total suspended solids in the treated effluent was lower than 30 mg/L with removal efficiencies higher than 80%, independently of the hydraulic residence time value. In addition, it is interesting to observe from the influent VSS and TSS profiles, that the total suspended solids consist primarily of organic material. In fact, the VSS/TSS ratio was always higher than 0.8.
As for NH 4 -N, the data reported in Figure 4 show that ammonia removal efficiency was higher than 80% even when the minimum of hydraulic residence time (i.e., 4 h) was applied.
The oxidised nitrogen nitrate concentration in treated effluents was always lower than 3 mg/L (data not reported) although in the system no anoxic phase was scheduled.
Such a result indicates that in the plant denitrification occurred at a great extent probably inside the granules of biomass. Figure 5 shows COD, NH 4 -N, NO x -N and TSS profiles recorded during a typical cycle. Looking at this figure, it is possible to observe that COD and TSS removals are almost complete during just the first two hours of the cycle. As for ammonia, it is interesting to observe firstly, that its removal takes place simultaneously to the COD removal, and secondly, that it is complete after four hours. Finally, the oxidised nitrogen profile shows that denitrification occurred throughout the cycle with a constant rate.
As reported in Material & Method section, the headloss ranged from a minimum value of 200 cm (i.e., the value just after the washing operation) to a maximum value of 500 cm (i.e., the value set for carrying out the washing operation).
The headloss development recorded in the prototype (data not reported) was much slower than that in continuous biofilters, where washing operations are usually carried out every 2-3 days causing a high excess sludge production (Pujol et al., 1992; Canler and Perret, 1994) . In SBBGR, on the contrary, a washing operation frequency on average of 20-25 days was recorded that led to a sludge production value almost a magnitude order lower than that commonly reported for conventional systems.
Such a low value of sludge production can be explained considering the very high sludge age value (uc < 150 d) of SBBGR that led to a biomass concentration as high as 35 gTSS/L bed .
Biomass characterization
The granules were the prevailing form of biomass present in the bed. In fact, specific quantitative measurements (see material and methods section) showed that about 75% of The biomass was characterised by a high density (i.e., 150 gTSS/L biomass ) that allowed an average biomass concentration as high as 35 gTSS/L bed to be achieved. 17
probes for the main phyla within the bacterial domain, for some bacterial functional groups (i.e., nitrifiers) and for
Archaea were applied for a first screening of the biomass. , 1996) and
Fluorescein-isothiocyanate (specific for amino-sugars, Schmid et al., 2003) . A typical extracellular binding was observed with mostly Calcofluor White and Fluoresceinisothiocyanate stainings while FITC did bind also the cell walls and seemed to be the main portion of EPS composition. Figure 6 shows some example of EPS staining application on the granules. No significant amount of PHA was found after Nile blue staining (specific for PHA polymers).
CONCLUSIONS
The results recorded during an experimental campaign aimed at transferring aerobic granulation to a demonstrative periodic biofilter (SBBGR) for treating municipal wastewater are as follows: † granular biomass generation was obtained during the first 90 days of the experimental period; † the SBBGR was characterised by satisfactory COD, total suspended solids and ammonia removal efficiencies (higher than 80%) throughout the experimental period.
Moreover, these efficiency removals resulted independent of investigated hydraulic residence time (i.e., from 12 down to 4 h); † the process was characterised by a very low sludge production (i.e., almost one magnitude order lower than that commonly reported for conventional systems) as confirmed by a slow headloss development across the bed of the SBBGR system; † the biomass was characterised by very a high density,
i.e. 150 gTSS/L biomass , and this allowed an average biomass concentration as high as 35 kgTSS/m 3 bed to be achieved. FISH analysis revealed a stable composition of biomass during reactor operation with a scarce presence of Archaea. No significant differences were found among granules and activated sludge (used as inoculum) in terms of microbial composition with the exception of ammonia oxidizers that were always found to be present in higher amounts in granular sludge.
